Acyl arbutin was synthesized through the condensation of arbutin with a saturated fatty acid (C6-18) by the immobilized lipase in a batch reaction. The conversion at 10 and 20 g/l-solvent of immobilized lipase reached 45% over 2 d, but the initial reaction rate per amount of immobilized lipase decreased at 20 g/l-solvent. The radical scavenging activity of acyl arbutin in an ethanol solution was independent of the acyl chain length, although the rate constant, k, estimated for the oxidation of methyl linoleate in a bulk system with acyl arbutin by using the Weibull equation, decreased as the acyl chain length increased. This indicates the antioxidative ability of acyl arbutin with a long acyl chain to be due to its lipophilicity. Furthermore, it is suggested that dodecanoyl arbutin mainly acted on the interface between the oil and water phases in an O/W emulsion, and effectively suppressed the oxidation induced at the interface.
Acyl arbutin was synthesized through the condensation of arbutin with a saturated fatty acid (C6-18) by the immobilized lipase in a batch reaction. The conversion at 10 and 20 g/l-solvent of immobilized lipase reached 45% over 2 d, but the initial reaction rate per amount of immobilized lipase decreased at 20 g/l-solvent. The radical scavenging activity of acyl arbutin in an ethanol solution was independent of the acyl chain length, although the rate constant, k, estimated for the oxidation of methyl linoleate in a bulk system with acyl arbutin by using the Weibull equation, decreased as the acyl chain length increased. This indicates the antioxidative ability of acyl arbutin with a long acyl chain to be due to its lipophilicity. Furthermore, it is suggested that dodecanoyl arbutin mainly acted on the interface between the oil and water phases in an O/W emulsion, and effectively suppressed the oxidation induced at the interface.
Key words: acyl arbutin; immobilized lipase; antioxidative ability; rate constant; O/W emulsion Hydroquinone-O--D-glucopyranoside, or -arbutin, which is found in the plant Uvae ursi, is a tyrosinase inhibitor widely used in cosmetics because of its antioxidative activity and whitening effect on the skin. [1] [2] [3] There has been extensive research into the cosmeceutical application of arbutin. 4) Arbutin cinnamate has been synthesized through transesterification by a lipase in an organic solvent, but its yield was low. 5) The lipase-catalyzed syntheses of acyl ascorbate and hexose in an organic solvent has also been reported. 6, 7) Acyl ascorbates have exhibited interesting emulsification properties and suppressed the oxidation of encapsulated lipids as an amphiphilic antioxidant. 8, 9) The properties of amphiphilic antioxidants could be altered by selection of the substrate for enzymatic synthesis. An amphiphilic antioxidant suitable for its application and chemical product should be used. To obtain a new amphiphilic antioxidant, we synthesized dodecanoyl phenolic glycosides through the condensation of phenolic glycosides like arbutin and lauric acid by using an immobilized lipase, and examined their antioxidative properties. 10) A high conversion for the enzymatic synthesis of dodecanoyl arbutin was achieved, but the reaction conditions and potential applications as an amphiphilic antioxidant needed further study. Therefore, in this present study, we examined the effect of the amount of immobilized lipase on the synthesis of dodecanoyl arbutin for industrial use, and the antioxidative effects of various acyl arbutins on methyl linoleate in a bulk system and O/W emulsion. In the experiment with the O/W emulsion, hydrophilic and lipophilic proxidants were used to elucidate the behavior of acyl arbutin as an amphiphilic antioxidant. The oxidation process was expressed by the probabilistic Weibull equation and kinetic parameters were evaluated.
Materials and Methods
Materials. Arbutin was purchased from Sigma-Aldrich Fine Chemicals, St. Louis, MO, USA. An immobilized lipase from Candida antarctica, Chirazyme Ò L-2 c.-f. C2, was obtained from Roche Molecular Biochemicals, Mannheim, Germany. Methyl linoleate (purity >95%) and the 1,1-diphenyl-2-picrylhydrazyl (DPPH) free radical were purchased from Tokyo Chemical Industry, Tokyo, Japan. The hydrophilic surfactant, SY-GLYSTER Ò ML-750 (decaglycerol monolaurate), was supplied by Sakamoto Yakuhin Kogyo Co., Osaka, Japan. Hexanoic, octanoic, decanoic, dodecanoic, tetradecanoic, hexadecanoic and octadecanoic acids, 2,2 0 -azobis(2-amidinopropane) dihydrochloride (AAPH) as a hydrophilic proxidant, 2,2 0 -azobis(2,4-dimethylvaleronitrile) (AMVN) as a lipophilic proxidant, acetonitrile, methyl myristate as an internal standard for GC analysis, and all other chemicals of analytical grade were purchased from Wako Pure Chemical Industries, Osaka, or Yoneyama Yakuhin Kogyo, Osaka. The disposable membrane filter cartridge, 25CS080AN, which held a cellulose-acetate membrane with pores of 0.8 mm in diameter, was obtained from Advantec Toyo, Tokyo, Japan.
Enzymatic synthesis and purification of acyl arbutin. The enzymatic synthesis of dodecanoyl arbutin was conducted to investigate the effect of the amount of immobilized lipase on the reaction rate for the condensation of arbutin and dodecanoic acid in a batch reaction system. Arbutin (0.25 mmol) and dodecanoic acid (1.88 mmol) were weighed into an amber glass vial with a screw cap. Five milliliters of acetonitrile as a reaction medium and 10, 50 or 100 mg of the immobilized lipase, Chirazyme Ò L-2 C2, were added to the vial. The headspace of the vial was filled with nitrogen gas, and the vial was tightly sealed over the blown gas to prevent any oxidative degradation of the substrate and product. The vial was then immersed in a water bath at 60 C to commence the condensation reaction with vigorous shaking. At appropriate intervals, 20 ml of the reaction mixture was sampled and adequately diluted with the eluent, methanol/water/ phosphoric acid (85:15:0.1 by vol.), for HPLC. The analysis was carried out with an HPLC system (LC-10AT, Shimadzu, Kyoto, Japan), using an ODS column (4:6 mm Â 150 mm, COSMOSIL 5C18-AR, Nacalai Tesque, Kyoto, Japan) and a UV detector (280 nm, SPD-10A, Shimadzu). Twenty microliters of the mixture was applied to the column and eluted with the eluent at 1.0 ml/min. A quantitative analysis of the product was conducted by using an external standard method with a specific concentration of the product in solution. An y To whom correspondence should be addressed. Tel: +81-82-434-7000; Fax: +81-82-434-7890; E-mail: wysyk@hiro.kindai.ac.jp NMR spectral analysis of the product had revealed that the primary hydroxyl group at position C-6 in the glucose moiety in arbutin was esterified by dodecanoic acid. 10) After the sampling, the headspace was filled with nitrogen gas again. The transient changes in conversion for dodecanoyl arbutin synthesis were measured in duplicate, and mean values were calculated.
To obtain various acyl arbutins, 7.5 mmol of arbutin and 22.5 mmol of hexanoic, octanoic, decanoic, dodecanoic, tetradecanoic, hexadecanoic, or octadecanoic acid, 0.5 g of Chirazyme Ò L-2 C2, and 150 ml of acetonitrile were placed in an amber glass vial with a screw cap, whose the headspace had been filled with nitrogen gas, and then condensation was carried out at 60 C. As a small amount of unreacted fatty acid was favorable for the purification process, the initial molar ratio of fatty acid to arbutin was lowered. After ca. 24 h, each acyl arbutin was isolated from the reaction mixture according to reported procedures with a slight modification.
11) The immobilized lipase was removed by filtration from the product mixture, and the solvent was removed by rotary evaporation. The concentrate was washed several times with 50 ml of n-hexane to remove the unreacted fatty acids. The mixture was dissolved in 100 ml of ethylmethylketone, and 50 ml of water was then added three times to remove the unreacted arbutin. The organic phase was separated, and the excess solvent was removed by rotary evaporation. The purified acyl arbutin was dried in a desiccator by a Petri dish containing phosphorus pentoxide.
Assay of radical scavenging activity. According to the reported methods, 12) the unmodified or acyl arbutin solution was prepared at eight concentrations by diluting the sample solution with ethanol. A 0.1 mol/l acetic acid/sodium acetate buffer solution (pH 3.5) was then added. After pre-heating for 5 min at 25 C in a water bath, 1 ml of a 0.2 mmol/l DPPH ethanol solution was added. After incubating for a further 30 min at 25 C, the sample was removed and the absorption at 517 nm was measured, yielding A. Ethanol was used as blank B. The DPPH radical scavenging activity was determined by the following:
Each measurement of the DPPH radical scavenging activity of acyl arbutin was made in duplicate, and the mean value was calculated.
Measurement of the oxidation of methyl linoleate in a bulk system. The oxidation process of methyl linoleate with various acyl arbutins was next measured. A 200 mg amount of methyl linolate was dissolved in 5 ml of hexane, and then acyl arbutin dissolved in ethanol was added at a molar ratio to methyl linolate of 0.01. Twenty-five microliters of the mixture was placed in flat-bottomed glass cups (1.5 cm i.d. and 3.0 cm height), and the hexane and ethanol were evaporated under reduced pressure in a desiccator. The cups were placed in a plastic container in which there was a Petri dish filled with distilled water to maintain the relative humidity at 100%. The container was then stored in the dark at 65 C. The cups were periodically taken out of the desiccator, and 500 ml of hexane and 20 ml of a 2.5% (v/v) methyl myristate hexane solution were added to each cup. Two microliters of the solution was used for the GC analysis. The amount of unoxidized methyl linoleate was determined by a gas chromatograph (G-3500, Hitachi, Tokyo, Japan) fitted with a hydrogen flame ionization detector and a capillary column (0.25 mm in diameter and 30 m in length loaded with polyethylene glycol (ZB-WAX, Shimadzu)). The injection and detection temperatures were 200 C, and column temperature was 180 C. The fraction of unoxidized methyl linoleate was calculated from the ratio of the peak area of methyl linoleate to that of methyl myristate. The oxidation process of methyl linoleate with or without acyl arbutin was measured in duplicate, and the mean value was calculated.
Preparation of the O/W emulsion and measurement of the oxidation process of oil droplets. Five milliliters of a 0.5% (w/v) SY-GLYSTER Ò ML-750 aqueous solution as a water phase and the same volume of methyl linoleate as an oil phase were added to a tube. Specific amounts of AAPH or AMVN were dissolved in the water or oil phases for each experiment, their concentrations being 1 or 0.01% (w/v). Dodecanoyl arbutin was also added to the water phase at a specific concentration. The mixture was emulsified with a rotor/stator homogenizer (Ultra-Turrax T25, IKA Ò Japan, Nara, Japan) for 5 min at 1 Â 10 4 rpm in a tube immersed in ice-cooled water to produce a coarse O/W emulsion. After the pre-emulsification, this coarse emulsion was circularly passed through a membrane filter using a peristaltic pump at 2.0 ml/min for 30 min to reduce the size and to monodisperse the oil droplets. The O/W emulsion was put into an amber glass vial with a screw cap, stored in the dark at 40 C, and magnetically stirred at 100 rpm. Periodically, 20 and 100 ml of the emulsion were respectively removed from the vial to measure the particle size distribution of the oil droplets with a centrifugal particle size analyzer (SA-CP3L, Shimadzu) and the amount of unoxidized methyl linoleate by GC. The sample was diluted 100 to 500 times with distilled water prior to the particle size analysis. For measuring the oxidation process, 300 ml of a mixture of methanol/chloroform (1:2 by vol.) was added to the sample of emulsion and fully mixed by a mixer. The mixture was centrifuged at 1:5 Â 10 4 rpm for 5 min with a centrifugal separator (MX-100, Tomy Seiko, Tokyo, Japan), and 50 ml of the oil phase was sampled. After evaporating the methanol and chloroform under reduced pressure in a desiccator, a methyl myristate hexane solution was added to the sample, and a GC analysis using the procedure just mentioned was carried out. The particle size distribution and the oxidation process of the oil droplets in the emulsion were measured in duplicate, and mean values were calculated.
Results and Discussion
Effect of the amount of immobilized lipase on the reaction rate for the synthesis of dodecanoyl arbutin in a batch reaction Figure 1 shows the transient change in the conversion for dodecanoyl arbutin synthesis in acetonitrile at 60 C by the immobilized lipase, Chrazyme Ò L-2 C2, at 2, 10 and 20 g/l-solvent. The reaction conditions of the concentration of substrate and temperature were determined according to the results for a similar reaction system in previous reports. 10, 13) The conversion for immobilized lipase at 10 and 20 g/l-solvent reached 45% over 2 d, whereas that at 2 g/l-solvent was less than 25%. The gradual decrease at 10 g/l-solvent would indicate the oxidative degradation of arbutin as a substrate and/or of dodecanoyl arbutin as a product during the reaction. Taking into consideration the industrial production of acyl arbutin in a batch reactor, not only the conversion but the reaction rate is an important index of the reaction conditions. Figure 2 shows the relationship between the amount of immobilized lipase used and the initial reaction rate or initial reaction rate per amount of immobilized lipase for dodecanoyl arbutin synthesis. The initial reaction rate was calculated from the slope of the smoothed curve for the transient change in concentration of the product over the first 9 h. This increased as the amount of immobilized lipase increased, whereas the initial reaction rate per amount of lipase actually decreased at 20 g-lipase/lsolvent. Therefore, 20 g/l-solvent of immobilized lipase was too high to be effective. The influence of sorption of the substrates on to the carrier of immobilized lipase or hindrance of the mass transfer in immobilized lipase by the carrier matrix might grow as the amount of immobilized lipase was increased. Figure 3 shows the dependence of the DPPH radical scavenging activities of unmodified, hexanoyl, octanoyl, decanoyl, dodecanoyl, tetradecanoyl, hexadecanoyl, and octadecanoyl arbutin at 25 C on the concentration of unmodified or acyl arbutin. The radical scavenging activity of acyl arbutin in the ethanol solution was equivalent to that of unmodified arbutin, and independ-ent of the acyl chain length. Therefore, the acylation of arbutin did not improve the radical scavenging action. It seems that the scavenging activity of acyl arbutin was due to the phenolic hydroxyl group in the arbutin moiety, and unmodified and acyl arbutin at the concentrations tested were homogeneously dispersed in the ethanol solution.
Radical scavenging activity of acyl arbutin
Oxidation process of methyl linoleate with acyl arbutin in a bulk system Figure 4 shows the oxidation process of methyl linoleate in a bulk system at 65 C and 100% relative humidity without an additive, and with unmodified, octanoyl, dodecanoyl, or hexadeconoyl arbutin at a molar ratio to methyl linoleate of 0.01. The methyl linoleate without any additive was rapidly oxidized, and the unoxidized fraction was about 0.05 at 30 h. When unmodified arbutin was added, the oxidative stability of methyl linoleate was slightly improved. The oxidation of methyl linoleate proceeded more slowly with each acyl arbutin than with unmodified arbutin. The condensation of arbutin with a fatty acid seemed to be effective against lipid oxidation in a bulk system.
To quantitatively evaluate the suppressive effect of acyl arbutin on lipid oxidation, the kinetics for the oxidation of methyl linoleate were empirically expressed by the following Weibull equation, which is flexible and has the potential to describe deterioration kinetics: 14) Y ¼ exp½ÀðktÞ n ð 2Þ
where Y is the fraction of unoxidized methyl linoleate at time t, k is the rate constant, the reverse of which is called the scale parameter, and n is the shape constant. The kinetic parameters, k and n, were calculated by fitting the experimental results by nonlinear regression with Solver of Microsoft Ò Excel 2003. The curves in Fig. 4 were drawn based on the equation using the estimated parameters. Figure 5 shows the effect of acyl chain length on the k or n value for the oxidation of methyl linoleate in a bulk system with unmodified or acyl arbutin. The k value strongly depended on the chain length, and decreased as the acyl chain increased in length. Similar results were observed for the antioxidative activity of acyl ascorbate against linoleic acid.
15)
The antioxidative activity of acyl arbutin with a long acyl chain would have been due to its lipophilicity, because the antioxidative capability depended on acyl chain length, in spite of the radical scavenging activity not being dependent as shown in Fig. 3 . Many acyl Each additive was added at a molar ratio to methyl linoleate of 0.01. The solid curves were calculated by using the estimated kinetic parameters, k and n, of the Weibull model. The solid curves were empirically drawn.
arbutin molecules with a long acyl chain may exhibit radical scavenging activity in bulky methyl linoleate due to high lipophilicity. The n value for each acyl arbutin was almost constant regardless of the acyl chain length. This indicates that each acyl arbutin acted on the oxidation of methyl linoleate via the same antioxidative mechanism.
Antioxidative ability of acyl arbutin in an O/W emulsion containing a hydrophilic or lipophilic proxidant
To test acyl arbutin's radical scavenging activity and suppressive effect on lipid oxidation, O/W emulsions were prepared. A hydrophilic proxidant, AAPH, or lipophilic proxidant, AMVN, was added to the water or oil phase to examine the antioxidative properties of acyl arbutin in the O/W emulsion. Figure 6 shows the stability of methyl linoleate as an oil droplet at 40 C in an AAPH-or AMVN-containing O/W emulsion with dodecanoyl arbutin at various concentrations. The median diameter of the oil droplets was about 5 mm during the oxidation, indicating a stable emulsion. In the O/W emulsion with AAPH, oxidation was suppressed at each concentration of dodecanoyl arbutin (Fig. 6a) . The oxidation process at the lowest concentration, 0.7 ppm, of dodecanoyl arbutin was, however, the most stable. By contrast, the oxidation was suppressed at 0.7 and 7 ppm of dodecanoyl arbutin and enhanced at 700 ppm in the AMVN-containing emulsion as shown in Fig. 6b . Dodecanoyl arbutin hardly affected the oxidation at 70 ppm.
The rate constant for the oxidation of methyl linoleate in the O/W emulsion was also estimated by the Weibull equation. The ratio, R, of the k value for the oxidation with dodecanoyl arbutin to that without it was calculated, as there was a difference in proxidative activity between AAPH and AMVN. The dependence of the R value with AAPH or AMVN on the concentration of dodecanoyl arbutin is shown in Fig. 7 . The R value with AAPH depended on the concentration of dodecanoyl arbutin, approaching the value without dodecanoyl arbutin as the concentration of dodecanoyl arbutin increased. However, the R value with AMVN was independent of the concentration of dodecanoyl arbutin. Hydrophilic AAPH would be in the water phase, and promote oxidation at the interface between the oil and water phases. It is known that antioxidants exhibit proxidative activity toward a substrate at high concentration. 16 ) Dodecanoyl arbutin scarcely suppressed the oxidation at 700 ppm, a concentration corresponding to a ratio of dodecanoyl arbutin to methyl linoleate of 0.01. AMVN would induce oxidation in the oil droplet due to its lipophilicity. Therefore, dodecanoyl arbutin did not exhibit any antioxidative capability inside the droplet. It is suggested from these results that dodecanoyl arbutin at these concentrations acted mainly at the interface between the oil phase and water phase, and was effective against oxidation at this interface. The behavior of an antioxidative surfactant such as acyl arbutin in the emulsion might depend on its hydrophilic-lipophilic balance.
Conclusion
Acyl arbutin was synthesized through the lipasecatalyzed condensation of arbutin with a saturated fatty acid. In a batch reaction, the conversion reached 45% over 2 d, but a high concentration of immobilized lipase The solid curves were calculated by using the estimated kinetic parameters of the Weibull model. was not effective. The acylation of arbutin hardly affected the radical scavenging activity, whereas the suppressive effect of acyl arbutin on the oxidation of methyl linoleate in a bulk system increased as the acyl chain length increased. Dodecanoyl arbutin mainly acted on the interface between the oil and water phases in an O/W emulsion, and effectively suppressed the oxidation induced at the interface. The antioxidative property of acyl arbutin in the emulsion will be more fully elucidated by investigating the effect of acyl chain length on the oxidation of the oil phase. As the solubility of acyl arbutin in water or a lipid would be adjusted by the acyl chain length, it seems to be a promising amphiphilic antioxidant.
